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Abstract. We study the dynamics of inflation in a generalized scalar-torsion gravity scenario
by assuming a canonical scalar field non-minimally coupled to torsion with a Galileon-type
self-interaction. After obtaining the field equations for a flat FRW background, we derive the
second order action for both scalar and tensor perturbations to compute the power spectra
of primordial fluctuations. As particular models, we studied at first, a power-law form of
coupling function F (x) = 1 + ξx2/2, with x ≡ φ/Mpl, and a monomial scalar field potential
V (x) = λxn/n which is ruled out by current observational data for n ≥ 2. Under slow-roll
approximation we obtain analytical expressions for the background as well as perturbative
dynamics, and we show that the predictions of the model are consistent with current Planck
2018 constraints on the spectral index ns and the tensor-to-scalar ratio r through the ns − r
plane. Accordingly, this model is in agreement with current observational bounds only within
the 95% C.L. region in the case of chaotic quadratic inflation (n = 2), whereas that for the
other monomial potentials such as n = 4/3, n = 1 and n = 2/3, it is found that they are
even more favoured, overlapping their results with the 68% C.L. region from last Planck
data. Secondly, we studied a model in which the presence of both non-minimal coupling to
gravity and the Galileon non-linear self-interaction γ(∂φ)2φ leads to a suppression of the
tensor-to-scalar ratio compared to those predicted in the standard scenario, then predicting
0.024 . r . 0.069. This result allows us to reconcile chaotic quadratic inflation with current
Planck data up to the 68% C.L. region. In despite of this, next generation CMB experiments
such as BICEP3 or LiteBIRD are expected to put stronger constraints, making possible to
either support this model or rule it out.
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1 Introduction
Although the Universe has undergone a decelerating expansion during the longest part of its
lifetime, dominated first by radiation and then by matter, there are two accelerating phases
in the history of the Universe. The first accelerating phase corresponds to inflation [1–3],
which is widely accepted as the standard paradigm of the early Universe. The first reason is
due to the fact that several long-standing puzzles of the Hot Big-Bang model, (HBB) such as
the horizon, flatness, and monopole problems [4], find a natural explanation in the framework
of inflationary Universe. The simplest scenario explaining the physics of inflation is based on
a canonical scalar field φ, the inflaton, minimally coupled to gravity with a scalar potential
V (φ) [5]. In addition, and perhaps the most intriguing feature of inflation, is that it gives us a
causal interpretation of the origin of the Cosmic Microwave Background (CMB) temperature
anisotropies, while at the same time it provides us with a mechanism to explain the Large-
Scale Structure (LSS) of the Universe, since quantum fluctuations during the inflationary era
may give rise to the primordial density perturbations [6–8].
From the viewpoint of quantum field theory in curved spacetime, a non-minimal coupling
between the scalar field and curvature can naturally arise into the theory either by quantum
corrections [9] or renormalizability requirements [10–12]. Moreover, in the cosmological con-
text, a non-minimal coupling term accounts in modifying de dynamics of the inflaton field.
Those effects have been studied by several authors trough the literature. The non-minimal
coupling term usually examined is ξφ2R, which was firstly considered for the new inflation
scenario in Ref. [13], whereas that for chaotic inflation it was studied in Ref. [14], and later
also in Refs. [15, 16]. On the other hand, it has also been exhaustively investigated other dif-
ferent aspects of inflationary cosmology in the presence of non-minimal coupling such as for
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example the phase-space analysis [17, 18], slow-roll approximation and conformal transfor-
mation techniques [19–21], power-law inflation [22–24], and non-Gaussianities [25–27]. Also,
the consequences of general non-minimal couplings for inflation have also been investigated
in the framework of scalar-tensor theories, in the so-called extended and hyper-extended
inflation [28–36].
A very interesting scenario with a richer structure may also be obtained whether in
addition to the non-minimal coupling term we also incorporate higher derivative quantum
gravity corrections to the action such as for example a Galileon-type field self-interaction
in the form G(φ,X)φ, where G is an arbitrary function of φ and X ≡ −∂µφ∂µφ/2 [37].
A self-interaction of this kind with G ∼ X arises naturally in the Dvali-Gabadadze-Porrati
braneworld (DPG) model [38] which corresponds to a non-linear interaction of the helicity-0
mode of the graviton [39], being that more general functions G(φ,X) have also been con-
sidered for instance in Refs. [37, 40–44], and particularly in relation with α′ corrections in
low-energy effective string theory [45, 46]. These already mentioned large-distance modifica-
tions of General Relativity (GR) were firstly proposed to explain the late-time acceleration
of the Universe without a cosmological constant. On the other hand, although single-field
slow-roll inflation in GR provides us with the best fit to the data, considering alternative,
non-standard scenarios, are motivated by the fact that certain scalar potentials for the in-
flaton coming from particle physics, such as the chaotic quadratic and quartic ones, are
ruled out by current data. In this direction, in Ref. [47] the authors have investigated the
chaotic inflation model in the context of general modified gravitational theories with non-
minimal coupling term to curvature and Galileon self-interaction. In fact, the most general
second-order scalar-tensor theory, the so-called Horndeski theory [48, 49], which also includes
non-minimal coupling models and generalized Galileon gravity, has been widely applied to
account not only for the present accelerated expansion of the Universe but also in studying
the accelerated expansion of the early universe, such as in Refs. [47, 50]. Regarding the
observational constraints on the Horndeski theory, by combing the gravitational wave event
GW170817, and the γ-ray burst GRB170817A, it has been possible to put strong constraints
on the speed of Gravitational Waves (GWs), determining that GWs propagate at the speed
of light, with −3 × 10−15 < cGW − 1 < 7 × 10−16 [49]. Accordingly, the viable subclass of
the Horndeski theory which satisfies cGW = 1 is build only with k-essence, Galileon self-
interaction and non-minimal coupling terms, see for instance, Refs.[49] and [51, 52].
It is well known that gravity can be described in terms of torsion, in the context of
so-called teleparallel equivalent of GR or simply Teleparallel Gravity (TG) [53–60]. In this
torsion gravity the dynamical variable is the tetrad field instead of the metric tensor gµν ,
and the usual torsionless Levi-Civita connection of GR is replaced by the Weitzenbo¨ck con-
nection, which has torsion but no curvature [61–63]. The Lagrangian density of the theory
is proportional to the scalar torsion T which differs from the scalar curvature R in a total
derivative term and therefore the two theories are equivalent in the level of field equations
[61, 64]. Besides this equivalence, there are notable conceptual differences, being that the
linear connection of TG is interchangeably identified with a purely spin connection and thus
it arises as a classical gauge theory for gravitation based in the translation group, that due to
existence of “soldering” between the Minkowski tangent space (fiber) and the spacetime (base
space), it becomes a non-standard gauge theory, keeping nevertheless a remarkable similarity
to electromagnetism, also a gauge theory for an abelian group [61, 64, 65]. Moreover, follow-
ing the same spirit of scalar-tensor theories, a natural extension for TG is a non-minimally
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coupled scalar-torsion theory where the scalar field matter source is non-minimally coupled
not to the curvature scalar R but to the scalar torsion T [66, 67]. An interesting aspect of
this extension is that although TG coincides with GR at the level of field equations, this
scalar-torsion theory is different from its counterpart based in curvature, that is to say, it
belongs to a different class of gravitational modifications. Also, unlike what happens in
scalar-tensor theories which are seen to be conformally related to Einstein’s theory in ab-
sence of any matter field [68], here the non-minimal coupling to torsion cannot be removed
by a conformal transformation and so this scalar-torsion theory does not have an equiva-
lent minimally-coupled model [69–71]. A scalar-torsion theory with non-minimal coupling
term in the form ξφ2T has been originally applied to dark energy in Ref. [72, 73], and then
also, it was extended in Refs. [74, 75], for both, an arbitrary non-minimal coupling function
φ2 → f(φ), and a tachyonic kinetic term for the scalar field, obtaining in both cases scaling
attractors. More studies of the phase-space of dark energy were performed in Refs. [76–81],
while the dynamics of cosmological perturbations was addressed in Refs. [82, 83]. Finally,
applications of these scalar-torsion theories within the context of inflationary cosmology were
made in Refs. [84, 85].
The paper is organized as follows. In Section 2, we give a brief introduction to TG.
In section 3 we develop the framework of generalized scalar-torsion theory. In doing so, we
calculate the modified field equations for a spatially Friedmann-Robertson-Walker (FRW)
background. Then we derive the second order action for scalar and tensor perturbations to
compute the power spectrum of primordial perturbations. In section 4 we study our first
particular model, which only has non-minimal coupling term of the form F (x) = 1 + ξx2/2,
while the inflaton potential has a monomial form V (x) = λxn/n, with x ≡ φ/Mpl. Here,
by using the general formalism presented in section 3, under the slow-roll approximation
we solve analytically the background dynamics and derive the most important inflationary
observables. Then, we obtain the constraints on the parameters characterizing this model
by comparing its predictions with Planck 2018 data. For our second model, in section 5 we
assume the presence of both, non-minimal coupling to torsion and Galileon self-interaction,
along with the same expressions for the inflaton potential and coupling function used in 3. We
investigate the inflationary dynamics at background as well as perturbative level, contrasting
the predictions of the model with current observational bounds, and so obtaining the physical
constraints for the parameters. Finally, in Section 6, we summarize our findings and present
our main conclusions and final remarks.
2 Teleparallel Gravity
In teleparallel gravity (TG), a gauge theory for the translation group, the gravitational field
is fully represented by the translational gauge potential which is identified as the non-trivial
part of the tetrad field [61–64]. Thus, one can use either the gauge potential or the tetrad
field as the dynamical variable of the theory. The tetrad field eA(x
µ) connects the spacetime
metric gµν and the tangent space metric ηAB thorough the local relation
gµν = e
A
µ e
B
ν ηAB , (2.1)
where eAµ are the tetrad components in a coordinate base and then satisfying the orthog-
onality conditions eAµe
ν
A = δ
ν
µ and e
A
µe
µ
B = δ
A
B, being that e
µ
B are the respective inverse
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components. The tangent space metric, ηAB and η
AB, lowering and raising the Lorentz in-
dices (Latin upper-case letters) is defined as the Minkowski metric ηAB = diag (−1, 1, 1, 1),
with A = 0, · · · , 3. On the other hand, the spacetime indices (Greek letters) vary from 0 to
3 and they are lowered and raised by the spacetime metric gµν and g
µν .
The action functional of TG is of the form
S =
M2pl
2
∫
d4x e T , (2.2)
with e = det
(
eAµ
)
=
√−g, and M2pl = (8piG)−1 is the reduced Planck mass. The torsion
scalar is defined as
T = S µνρ T
ρ
µν ,
=
1
4
T ρµνTρµν +
1
2
T ρµνTνµρ − T ρρµ T νµν , (2.3)
where
T ρµν ≡ e ρA
[
∂µe
A
ν − ∂νeAµ + ωABµ eBν − ωABν eBµ
]
, (2.4)
are the components of torsion tensor, and
S µνρ =
1
2
(
Kµνρ + δ
µ
ρ T
θν
θ − δνρ T θµθ
)
, (2.5)
is the so-called super-potential, with
Kµνρ = −
1
2
(
Tµνρ − T νµρ − T µνρ
)
. (2.6)
the contorsion tensor. The translational field strength of TG is the torsion tensor T ρµν , and
as usually in gauge theories, the action is constructed by using quadratic terms in the field
strength. Thus, the first term in the second equality of Eq. (2.3) is the usual one in gauge
theories, whereas that the second and third terms are product of the soldering property of
the spacetime manifold [61, 65].
The spin connection of TG, ωABµ, is given by
ωABµ = Λ
A
D(x)∂µΛ
D
B (x). (2.7)
which represents only inertial effects of the frame and ΛAD(x) is a local (point-dependent)
Lorentz transformation. It is just the connection that results after a local Lorentz trans-
formation of the vanishing spin connection ω′ABµ = 0. For this connection one has that the
curvature tensor vanishes identically
RABµν = ∂µω
A
Bν − ∂νωABµ + ωADµωDBν − ωADνωDBµ = 0, (2.8)
whereas that the torsion tensor in Eq. (2.4) is non-vanishing. In this sense the spin connection
ωADµ can be seen as a kind of “dual” of the spin connection of GR, which is a connection with
vanishing torsion, but non-vanishing curvature. Furthermore, these two connections are the
only two choices respecting the correct number of degrees of freedom of gravitational field.
The linear connection corresponding to the spin connection ωABµ is
Γρµν = e
ρ
A
(
∂νe
A
µ + ω
A
Bνe
B
µ
)
, (2.9)
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which is the so-called Weitzenbo¨ck connection. It is related to the Levi-Civita connection of
GR, Γ¯ρµν , through the equation
Γρµν = Γ¯
ρ
µν +K
ρ
µν . (2.10)
Substituting the relation (2.10) into Eq. (2.8) and after taking the appropriate contrac-
tions it is easy to obtain
T = −R¯− e−1∂µ(eT νµν ), (2.11)
where R¯ is the curvature of Levi-Civita connection. So, the action of TG, Eq. (2.2), differs
from the Einstein-Hilbert action by a total divergence, and therefore the two theories are
equivalent in the level of field equations.
By introducing a matter source, such a scalar field minimally coupled to gravity, we
do not obtain any different result coming from the two theories. Nevertheless, in the non-
minimal case the things are very different because there is a change in the way as the scalar
field is coupled to gravity. In GR the scalar field is non-minimally coupled to the curvature
scalar R, whereas that in TG the scalar field is non-minimally coupled to the torsion scalar
T , and therefore, this change produces that the field equations do not coincide, which implies
that the resulting theories are completely different.
Below we are going to consider a generalized scalar-torsion theory and its implications
for cosmic inflation.
3 Generalized Scalar-torsion gravity
3.1 Background
The relevant action is given by
S =
∫
d4xe
[
M2pl
2
F (φ)T + P (φ,X)−G(φ,X)φ
]
, (3.1)
where P , F and G are arbitrary functions of φ and X := −(∂φ)2/2. This action extends the
TG action (2.2) to the case of a generalized scalar-torsion theory with a Galileon-type field
self-interaction.
Now, we impose the standard homogeneous and isotropic background geometry, that
is, we consider
eAµ = diag(1, a, a, a), (3.2)
which corresponds to a flat Friedmann-Robertson-Walker (FRW) universe with metric
ds2 = −dt2 + a2 δijdxidxj , (3.3)
where a is the scale factor which is a function of the cosmic time t. Since the diagonal tetrad
in Cartesian coordinates (3.2) is a proper tetrad [86], we are going to take the vanishing spin
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connection, ωABµ = 0, for our calculations. Thus, the background equations are given by
ξ00 ≡ P − 2XP,X − 6Hφ˙XG,X + 2XG,φ − 3H2M2plF = 0, (3.4)
ξii ≡ P − 2XG,φ − φ˙X˙G,X − 3H2M2plF − 2H˙M2plF − 2HM2plF˙ = 0, (3.5)
ξφ ≡ P,φ − 2P,φXX − 18H2XG,X − 6H˙XG,X + 2G,φφX + 3H2M2plF,φ
−
[
6HXG,φX + 3HP,X − 6HG,φ
]
φ˙−
[
P,X + 2XP,XX + 6Hφ˙G,X
+6Hφ˙XG,XX − 2G,φ − 2XG,φX
]
φ¨ = 0, (3.6)
where H ≡ a˙/a is the Hubble rate, where a dot represents derivative with respect to t. Also,
a comma denotes derivative with respect to φ or X.
By eliminating the terms P from Eqs. (3.4) and (3.5), one obtains the following relation
 = δPX + δF + 3δGX + 2δGφ + δφδGX , (3.7)
where we have also introduced a set of slow-roll parameters
 ≡ − H˙
H2
, δφ ≡ φ¨
Hφ˙
, δF ≡ F˙
HF
, δPX ≡ −XP,X
M2plH
2F
,
δPXX ≡ X
2P,XX
M2plH
2F
, δGφ ≡ XG,φ
M2plH
2F
, δGX ≡ −φ˙XG,X
M2plHF
. (3.8)
During inflation it is satisfied the condition  1, and hence, it is also required that all the
slow-roll parameters defined above must be much smaller than the order of unity. Thus, at
first-order approximation, we can put the expression (3.7) in the form
 = δPX + δF + 3δGX + 2δGφ +O(2), (3.9)
where δF , δPX , δGX , δGφ  1. In what follows we compute the second-order action of scalar
and tensor perturbations around the cosmological background in Eq. (3.3).
3.2 Second-Order action
In order to study primordial perturbations, our starting point is the ADM decomposition of
the tetrad field [84, 85]
e0µ = (N,0) , e
a
µ = (N
a, hai) , (3.10)
e µ0 =
(
1/N,−N i/N) , e µa = (0, h ia ) , (3.11)
where N i = h iaN
a, with hajh
i
a = δ
i
j , being h
a
i the induced tetrad field.
In the uniform field gauge, δφ = 0, a convenient ansatz for the fields is given by
N = 1 + α, Na = a−1e−Rδai∂
iψ, hai = ae
Rδajδ
j
i, (3.12)
which gives the corresponding perturbed metric [87]
ds2 = −
[
(1 + α)2 − a−2e−2R (∂ψ)2
]
dt2 + 2∂iψdtdx
i + a2e2Rδijdxidxj . (3.13)
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The additional degrees of freedom due to explicit violation of local Lorentz invariance in
modified teleparallel gravity theories can be introduced by performing a Lorentz rotation
of the frame eAµ in Eq. (3.12), under the local Lorentz transformation Λ
A
B = (e
χ)AB =
δAB + χ
A
B +
1
2χ
A
Cχ
C
B + O(χ2), while keeping fixed the spin connection of the background,
ωABµ = 0, in the form
e′Aµ = (e
χ)AB e
B
µ = e
A
B + χ
A
Be
B
µ +
1
2
χACχ
C
Be
B
µ +O(χ2). (3.14)
The Lorentz transformation matrix χAB = −χBA can be then parametrized as
χ0B = (0, χb) , χ
a
B = (χ
a, Bab) , (3.15)
where χa = ηabχb and Bab = −Bba. Thus, one defines the spatial vector χi = h ia χa and the
spatial antisymmetric tensor Bij = h
a
ih
b
jBab. So, we also introduce the additional scalar
mode β, the transverse vector mode χ
(T )
i and the (pseudo) vector mode Bi in accordance
with χi = ∂iβ + χ
(T )
i and Bij = −Bji = −jikBk [85, 88–90].
From this point we follow closely the Maldacena’s calculations [91]. The next step is to
expand the action (3.1) up to second order in perturbations which allows us to obtain
S(2) =
∫
dtd3xa3
[
1
a2
(2w1R˙ − w2α)∂2ψ + 3w2αR˙
−2w1
a2
α∂2R+ 1
3
w3α
2 − 3w1R˙2 + w1
a2
(∂R)2
+2
(
2w1R˙ − w2α
)
∂2β + 2w˙1R∂2β
]
, (3.16)
where we have defined the functions
w1 = M
2
plF,
w2 = 4
[
M2pl
2
HF +
X2
φ˙
G,X
]
,
w3 = −3XP,X − 6X2P,XX + 6XG,φ − 72H
φ˙
X2G,X
+6X2G,φX − 36H
φ˙
X3G,XX − 9H2M2plF. (3.17)
From the variation of action (3.16) with respect to α one obtains
1
a2
∂2ψ =
2w3
3w2
α+ 3R˙ − 2w1
w2
1
a2
∂2R− 2∂2β, (3.18)
whereas that the variation with respect to ψ gives
α =
2w1
w2
R˙, (3.19)
Thus, from equations (3.18) and (3.19) we obtain the second order action for scalar pertur-
bations
S(2)s =
∫
dtd3xa3 Qs
[
R˙2 − c
2
s
a2
(∂R)2 + 2 w˙1
Qs
R∂2β
]
, (3.20)
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where
Qs =
w1
3w22
(
9w22 + 4w1w3
)
, (3.21)
and the propagation speed of scalar mode R is
c2s =
3
(
2Hw1w2 + 4w˙1w2 − 2w1w˙2 − w22
)
9w22 + 4w1w3
. (3.22)
In the second order action (3.20) for scalar perturbations appears a new unconventional
term with R∂2β due to the explicit violation of local Lorentz symmetry. The scalar field β
does not necessary satisfies an Euler-Lagrange equation, but in order to maintain observer
independence, such that δS = 0 under observer local Lorentz transformations, it may be
still necessary to impose the condition δS/δβ = 0, which may lead to a restricted geometry
with undesirable results [92–94]. Something similar occurs in non-dynamical Chern-Simmons
gravity, also a theory with explicit local Lorentz violation, where in order to evade the po-
tential inconsistency between dynamics and geometry it is necessary to restrict the geometry
by taking the Pontryagin density to vanishing, which also imposes severe restrictions on the
dynamics of solutions [93–95]. In the case of non-minimally coupled scalar-torsion theories,
if we impose the motion equation δS/δβ = 0 for the scalar β, then one must obtain the
constraint F,φ∂
2R = 0, which leads us to ∂2R = 0, in the case F,φ 6= 0. In the context of
inflationary cosmology, it is a result that is not physically expected as it would imply that
there are no nonzero-momentum solutions for the scalaron, and hence, no subhorizon scalar-
perturbation mode would survive by the time of horizon crossing. This is currently an open
issue in teleparallel scalar-torsion theories when applied to inflationary cosmology [85]. One
way in that one may try to solve this issue is restoring the local Lorentz invariance from the
spacetime action (3.1), through a Stu¨ckelberg-like mechanism [94, 96, 97], or perhaps, by us-
ing Finsler geometries as suggested in Refs. [98, 99]. Nevertheless, an important point to be
observed here is the following. In the FRW background the observer local Lorentz invariance
is restored due to homogeneity and we can evolve the dynamics without any unforeseen. In
fact, we have the problem that the field equations also depend on the spin connection, which,
however, can be solved by introducing a reference frame and performing the scheme figured
out in Ref. [86] for determining the appropriate spin connection. Hence, in the presence
of non-minimal coupling, the field equations of background are exactly the same equations
for a scalar-vector-tensor theory with spontaneous breaking of particle Lorentz symmetry
due to a time-like vector field as in Ref. [100] (see section 4). Thus, the properties of these
background equations change at the critical value φc defined by f(φc) = 1, when parametriz-
ing F = 1 + f(φ). For example, for f(φ) = ξφ2/2, it is easy to obtain φc =
√
2/ξ, and
thus, for ξ ∼ 10−3M−2pl one has that φc ∼ 45Mpl, which compared with the value at horizon
crossing, φ∗ ∼ 15Mpl, it is seen that φc > φ∗, and therefore, the particle Lorentz violating
stage with large contribution to inflation occurs in scales well deep inside the horizon. So,
the modifications to the inflationary observables at the horizon crossing would be product
of the reminiscent effect of this Lorentz violation stage [101]. In this case, under slow-roll
approximation, the Hubble parameter becomes constant, H =
√
λ/(3ξM2pl), for the chaotic
potential V (φ) = λφ2/2, even though the inflaton is rolling down the potential, as conse-
quence of (particle) Lorentz violation [100]. Moreover, observer independence is restored at
the linear perturbations level, when taking the limit of very strong non-minimal coupling,
f(φ)  1, as the background coefficient that accompanies the term R∂2β in action (3.20),
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decays rapidly as a3φ˙φ ∼ a3−4ξM2pl for a = (−τH)−1 → 0 [100]. It is also straightforward to
see that the limit of strong Galileon coupling does not change this result, as the Hubble rate
continues to be a constant that depends only on ξ and λ. On the other hand, at superhorizon
scales the constrained geometry, with ∂2R = 0, it is consistent with the inflationary picture
in the limit of wavenumber k → 0. In this large-scale limit the curvature perturbation R
freezes after horizon crossing, and thus, by performing the standard quantization procedure
from the action
S(2)s =
∫
dtd3xa3 Qs
[
R˙2 − c
2
s
a2
(∂R)2
]
, (3.23)
the power spectrum can be calculated as the two-point correlation function 〈0|R(τ,~k1)R(τ,~k2) |0〉,
at some conformal time τ after the horizon exit, or, at the end of inflation τ ≈ 0 [87]. So, in
order to proceed forward, we are going to neglect the observer Lorentz violating term in action
(3.20), and let us take the action (3.23) for evolve the dynamics of curvature perturbation in
the usual way.
By expanding in terms of the slow-roll parameters (3.8), the quantities Qs and c
2
s, in
Eqs. (3.21) and (3.22), respectively, are rewritten as follows
Qs 'M2plF
[
δPX + 6δGX − 6δGXX + 2δGφ − 2δPXX
]
, (3.24)
c2s '
δPX + 2δF + 4δGX + 2δGφ
δPX + 6δGX − 6δGXX + 2δGφ − 2δPXX . (3.25)
Here we may also introduce the following parameter:
s ≡ Qsc
2
s
M2plF
=
w1
(
2Hw1w2 + 4w˙1w2 − 2w1w˙2 − w22
)
M2plFw
2
2
. (3.26)
Then, in terms of the slow-roll parameters we find
s = + δF + δGX +O(2),
= 2δF + 4δGX + 2δGφ + δPX +O(2). (3.27)
where in the first equality the term δGφX = X
2GφX/(M
2
plFH
2) has also been neglected
because it is higher than the first order [87]. Also, in the second part of this equation we
have used Eq. (3.9). Finally, the presence of ghosts and Laplacian instabilities may be
avoided if one is restricted only to cases Qs > 0 and c
2
s > 0 [50, 87].
By varying the second order action (3.23) in terms of R we obtain the equation of
motion for the curvature perturbation R . Through the standard canonical quantization
procedure applied to curved space-times [8, 102–104], we obtain the power spectrum for
curvature perturbation in the form
Ps ≡ H
2
8pi2Qsc3s
=
H2
8pi2M2plFcss
,
' H
2 (δPX + 6δGX − 6δGXX + 2δGφ − 2δPXX)1/2
8pi2M2plF (δPX + 2δF + 4δGX + 2δGφ)
3/2
. (3.28)
Since the curvature perturbation becomes constant for csk < aH, we may evaluate the power
spectrum at the Hubble crossing time, i.e. csk = aH. Thus, the spectral index of R is given
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by
ns − 1 ≡ d lnPs
d ln k
|csk=aH = −2− δF − ηs − s,
= −2s − ηs − s+ δF + 2δGX +O(2), (3.29)
where
ηs ≡ ˙s
Hs
, s ≡ c˙s
Hcs
. (3.30)
As usually we have assumed that cs is a slowly varying function, such that s 1 [6].
Now, let us calculate the power spectrum of tensor perturbations. The second-order
action for the tensor modes is given by
ST =
∑
λ
∫
dtd3xa3QT
[
h˙2λ −
c2T
a2
(∂hλ)
2
]
, (3.31)
where λ = +,×, and we find
QT =
M2pl
4
F, (3.32)
c2T = 1. (3.33)
From Eq. (3.32) one may see that the no-ghost condition QT > 0 is satisfied only in the
case when F > 0. On the other hand, Eq. (3.33) guarantees us that there are no Laplacian
instabilities for tensor perturbations and also that in our generalized scalar-torsion gravity
scenario (3.1), GWs propagate exactly at the speed of light provided that the coupling
function only depends on the scalar field, i.e. F = F (φ). For more details, see section A.
Here, it is also important to point up that the second-order action for the tensor modes is
invariant under a Lorentz rotation of the frame eAµ, and therefore there is no contributions
coming from additional degrees of freedom.
Thus, the power spectrum of tensor perturbations is
PT = H
2
2pi2QT
=
2H2
pi2M2plF
, (3.34)
and the corresponding spectral index is given by
nT ≡ d lnPT
d ln k
|csk=aH = −2− δF ,
= −2s + δF + 2δGX +O(2). (3.35)
In the phase before the end of inflation when Ps and PT remain approximately constant, we
may evaluate the tensor-to-scalar ratio as
r =
PT
Ps = 16css. (3.36)
The above expression can be contrasted with the following consistency relation
r ' 8cs [−nT + δF + 2δGX ] . (3.37)
In standard inflation one has that r ' −8csnT , and therefore δF and δGX induce small
deviations from those relation derived in standard inflation.
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4 Theories with P = −X + V,G = 0, F 6= 0
4.1 Slow-roll analysis
For our first particular case, we focus on a model in which inflation is mainly driven by both
a field potential, P = −X +V and a non-minimal coupling F 6= 0, with G = 0. For this case
the background equations (3.4) and (3.6) take the following form
3H2M2plF =
1
2
φ˙2 + V, (4.1)
φ¨+ 3Hφ˙+ 3H2M2plF,φ + V,φ = 0. (4.2)
These equations are exactly the same background equations (10), (11) and (12) (only
two of them are independent) of Ref. [100]. Therefore, in the FRW background, this non-
minimally coupled scalar-torsion theory is equivalent to a scalar-vector-tensor theory, with
spontaneous violation of particle local Lorentz invariance due to a time-like vector field.
In the spacetime, the torsion tensor can be decomposed into three components, irreducible
under the global Lorentz group; there will be a vector field Vµ = T ννµ, an axial part Aµ =
(1/6)µνρσTνρσ, and a purely tensor part Tλνµ = (1/2) (Tλµν + Tµλν)+(1/6) (gνλVµ + gνµVλ)−
(1/3)gλµVν [61]. So, in the FRW background (3.2), the only contribution to the torsion scalar,
T = T ρµνS
µν
ρ , comes from the vector torsion Vµ = (−3H, 0, 0, 0), which defines a preferred
frame as due to a time-like vector field. Thus, once that the non-minimal coupling function is
turned on, the particle local Lorentz invariance is spontaneously broken due to the presence of
this vector field with vacuum expectation value 〈0| VµVµ |0〉 = −9H2, with H =
√
λ/(3ξM2pl)
(see also Refs. [105, 106]).
In the slow-roll approximation φ˙2  V , |φ¨|  |Hφ˙|, these equations acquire the form
3H2M2plF ' V, (4.3)
3Hφ˙+ 3H2M2plF,φ + V,φ ' 0. (4.4)
Thus, from equation (4.3) we obtain
3H2 ' V
M2plF
, (4.5)
whereas that from equation (4.3) and (4.4) we obtain
φ˙
MplH
' −
[(
MplV,φ
V
)
+
(
MplF,φ
F
)]
F. (4.6)
Thus, for F > 0, V,φ > 0 and F,φ > 0, one has φ˙ < 0, whereas that for F > 0, V,φ < 0 and
F,φ < 0, it is satisfied φ˙ > 0.
Now, by using the equation (3.8) for the slow-roll parameters δF and δPX , it is straight-
forward to see that
δF =
F˙
HF
=
(
MplF,φ
F
)(
φ˙
MplH
)
, (4.7)
and
δPX =
−XP,X
M2plH
2F
=
(
1
2F
)(
φ˙
MplH
)2
, (4.8)
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and thus, from Eq. (3.9) one finds
 '
(
MplF,φ
F
)(
φ˙
MplH
)
+
(
1
2F
)(
φ˙
MplH
)2
. (4.9)
By substituting (4.6) into this latter equation gives us
 ' (V − F )F, (4.10)
where we have defined the non-minimal coupling slow-roll parameter F and the potential
slow-roll parameter V as
F ≡ 1
2
(
MplF,φ
F
)2
, V ≡ 1
2
(
MplV,φ
V
)2
. (4.11)
Under the slow-roll approximation, the number of e-folds N ≡ log(a) measuring the amount
of inflation between the time around the cosmological scales cross the Hubble radius, t∗, and
the end of inflation tf , is calculated as
N ≡
∫ tf
t∗
Hdt '
∫ φ∗
φf
1[(
MplV,φ
V
)
+
(
MplF,φ
F
)]
F
dφ
Mpl
. (4.12)
In the above equation the value of the field at the end of inflation, φf , is calculated from the
condition (φf ) ' 1.
By using Eqs. (4.6), (4.7), and (4.8), the parameters Qs and c
2
s in Eqs. (3.24) and
(3.25), respectively, are written as
Qs 'M2plFδPX > 0, (4.13)
c2s ' 1 + 2
δF
δPX
. (4.14)
From Eq. (4.14), it can be seen that c2s > 0 for δF /δPX > −1/2.
In a similar way, the power spectra of scalar perturbations (Eq. (3.28)) becomes
Ps '
[
V
24pi2M4plF
2
]
(δPX)
1/2
(δPX + 2δF )
3/2
, (4.15)
where we have also used the slow-roll equation (4.3).
On the other hand, we can also obtain the corresponding expressions for the scalar
spectral ns and the tensor-to-scalar ratio r, when we are considering a non-zero coupling
function F . In doing so, we replace Eqs. (4.7), (4.8),(4.10), (4.11), and (4.14), in Eqs. (3.29)
and (3.37), respectively (not shown).
In order to obtain concrete results, we are going to consider a specific expression for
both the non-minimal coupling function F and the inflaton potential V (φ).
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4.2 Chaotic Inflation
Let us consider that the inflaton potential has a power-law form
V (x) =
λ
n
xn, (4.16)
where λ, n are positive constants and x ≡ φ/Mpl. In this case one obtains that after replacing
(4.16) in Eq. (4.11), V becomes
V =
n2
2
x−2. (4.17)
Similarly, for the non-minimal coupling function let us assume the ansatz
F (x) = 1 +
ξ
2
x2, (4.18)
where ξ is a positive constant, which guarantees us the no-ghost condition F > 0. Then, by
replacing Eq. (4.18) in Eq. (4.11), the slow-roll parameter F has the following dependence
on the scalar field
F (x) =
1
2
[
ξx
1 + ξ2x
2
]2
. (4.19)
Accordingly, by combining Eq. (4.10) with Eqs. (4.17)-(4.19), it is straightforward to obtain
(x) =
n2
[
ξx2
2 + 1
] [
1− ξ2x4
n2
(
ξx2
2
+1
)2
]
2x2
. (4.20)
Inflation ends at (xf ) = 1, from which we obtain the value of the inflaton field at the
end of inflation xf . Therefore, from Eq. (4.20) one finds
xf =
√
n2
1− ξn22 +
√
n2ξ2 + 1
. (4.21)
Now, from Eq. (4.12) we compute the number of e-folds N as
N =
∫ tf
t∗
Hdt '
∫ x∗
xf
x
ndx[
1 +
(
1
m +
1
n
)
ξ˜xm
] ,
=
log
[
(n+ 2)ξx2∗ + 2n
]− log [4n(√n2ξ2+1+nξ+1)
2
√
n2ξ2+1−ξn2+2
]
(n+ 2)ξ
. (4.22)
This latter equation can be solved for x∗, such that
x∗ =
√
e(n+2)ξN
[
2n
(n+ 2)ξ
+ x2f
]
− 2n
(n+ 2)ξ
, (4.23)
where xf is given in Eq. (4.21). Therefore, from this equation we get the value of the scalar
field at the time of Hubble-radius crossing, i.e. x∗, expressed as a functions of the number
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of e-folds N , the power n and the coupling constant ξ. In FIG 1 (upper graph) we plot
the behaviour of the scalar field x∗ against the number of e-folds N , for a specific value of
the non-minimal coupling ξ = 0.001 and some special values of the power n [107]. Also, in
FIG 1 (lower graph) we show the evolution of the non-minimal coupling function F against
the number of e-folds, with the same values for ξ and n. As we can see, the field takes
values above the Planck scale, i.e. x > 1 at the horizon crossing, and that F evolves in an
intermediate regime between F − 1 = ξ2x2  1 and F − 1 = ξ2x2  1, with F ∼ 1.
n=2
n=4/3
n=1
n=2/3
0 10 20 30 40 50 60 70
0
5
10
15
N
ϕ/M Pl
n=2
n=4/3
n=1
n=2/3
0 10 20 30 40 50 60 70
1.00
1.05
1.10
1.15
N
F
Figure 1. Evolution of the scalar field x ≡ φ/Mpl (upper graph) and the non-minimal coupling
function F (x) = 1 + ξx2/2 (lower graph), with coupling ξ = 0.001, and for the power-law potential
V (x) = λnx
n in four different cases of values for the power n.
Additionally, from Eqs. (4.7) and (4.8) one finds
δF = −ξ
[
n+
2ξx2
2 + ξx2
]
, (4.24)
and
δPX =
[
(n+ 2)ξx2 + 2n
]2
4x2 (ξx2 + 2)
. (4.25)
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Thus, using the above equations, (4.24) and (4.25), into Eqs. (4.13) and (4.14), for the
Qs parameter one obtains
Qs =
M2pl
[
(n+ 2)ξx2 + 2n
]2
8x2
≥ 0, (4.26)
whereas the field dependence of the scalar propagation speed squared is found to be
c2s = 1−
8ξx2
(n+ 2)ξx2 + 2n
. (4.27)
In FIG 2 we show the evolution of c2s as function of the e-folds number N for fixed value
ξ = 0.001 and several values of the power-law exponent n. The requirement c2s > 0 is satisfied
for 0 < x <
√
2n
(6−n)ξ , with 0 < n ≤ 4 and ξ > 0.
n=2
n=4/3
n=1
n=2/3
0 10 20 30 40 50 60 70
0.5
0.6
0.7
0.8
0.9
1.0
N
c
s
2
Figure 2. The evolution of scalar propagation speed squared c2s in the presence of the non-minimal
coupling function F (x) = 1+ξx2/2 with coupling ξ = 0.001, and for the chaotic potential V (x) = λnx
n,
in the case of four different values of n : 2, 4/3, 1, 2/3.
The scalar power spectrum is calculated by using (4.15), along with Eqs. (4.24) and
(4.25), which yields
Ps =
2λ˜xn+2
(
ξx2 + 2
)−1
3pi2n
√
[(n− 6)ξx2 + 2n]3 [(n+ 2)ξx2 + 2n]
, (4.28)
where we have also defined the dimensionless parameter λ˜ ≡ λ/M4pl and x is given in Eq.
(4.23).
After evaluating (4.28) at the value of the scalar field when a given perturbation scale
leaves the Hubble-radius, given by (4.23), and by using the current observational value for
the amplitude of primordial scalar perturbations Ps = 2.141× 10−9 [107, 108], we may find
a constraint which relates λ˜ to n, ξ, and N . In FIG 3 we show the behaviour of λ in terms
of ξ for several values of the power n when the number of e-folds is fixed to be N = 70. For
all the cases, it can be seen that λ is a monotonically decreasing function with the increasing
of the non-minimal coupling parameter ξ.
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Figure 3. We plot the relation λ(ξ) for the theories P = −X + V,G = 0, F 6= 0, with V (x) = λnxn
and F (x) = 1 + ξx2/2, for Ps ' 2.141× 10−9 at N = 70, and several values of the power n.
In order to calculate the spectral index and the tensor-to-scalar ratio we obtain at first
the slow-roll parameter s. By putting Eqs. (4.20) and (4.24) into Eq. (3.27) one gets
s ' + δF =
[
(n− 6)ξx2 + 2n] [(n+ 2)ξx2 + 2n]
4x2 (ξx2 + 2)
. (4.29)
Therefore the slow-roll parameter ηs (Eq. (3.30)) yields
ηs =
˙s
Hs
= − 4ξ
ξx2 + 2
+ 2n
[
8ξ
(n− 6)ξx2 + 2n +
1
x2
]
. (4.30)
Moreover, from Eqs. (3.30) and (4.27), we calculate the slow-roll parameter s which becomes
s =
c˙s
Hcs
=
8nξ
(n− 6)ξx2 + 2n. (4.31)
In this form, the scalar spectral index of R as a function of the scalar field is calculated
by putting Eqs. (4.20), (4.24), (4.30) and (4.31), into Eq. (3.29), which yields
ns = 1− n(n+ 2)
x2
+ ξ
[
−n
2
2
− 24n
(n− 6)ξx2 + 2n + n−
4
ξx2 + 2
+ 4
]
. (4.32)
On the other hand, the scalar field dependence of the tensor-to-scalar ratio is calculated
from Eq. (3.36), along with the equations (4.27) and (4.29), giving
r =
[
4
(
(n− 6)ξx2 + 2n) ((n+ 2)ξx2 + 2n)
x2 (ξx2 + 2)
]√
1− 8ξx
2
(n+ 2)ξx2 + 2n
. (4.33)
After evaluating these inflationary observables at the value of the scalar field when
a given perturbation scale leaves the Hubble-radius, given by (4.23), we may compare the
theoretical predictions of this particular model in the ns−r with the allowed contour regions
from Planck 2018 data. Then, we find the allowed ranges of the parameters that characterize
this subclass of model.
– 16 –
The trajectories in the ns − r plane for the model studied here may be generated by
plotting Eqs. (4.32) and (4.33) (both evaluated at x∗) parametrically, varying both the
number of e-folds N and the coupling parameter ξ in a wide range. FIG 4 shows the plot
of the tensor-to-scalar ratio r versus the scalar spectral index ns corresponding to this class
of non-minimal coupling model satisfying the relations (4.16) and (4.18), for several values
of the power n. Here we have considered the two-dimensional marginalized joint confidence
contours for (ns, r), at the 68% and 95% C.L., from the latest Planck data [107, 108]. In the
particular case of quadratic inflation scenario n = 2, one obtains that only at N = 70, the
predictions of the model are within the 95% C.L. region from Planck data [107, 108], for ξ
being within the range
7.10× 10−4 . ξn=2,N=70 . 1.08× 10−3. (4.34)
In that case, the prediction for the tensor-to-scalar ratio is 0.05 . r . 0.07.
On the other hand, for 0 < n < 2, the prediction of model are within the 68% C.L. for
the following ranges of ξ
4.20× 10−4 . ξn= 4
3
,N=70 . 1.23× 10−3, (4.35)
2.90× 10−4 . ξn=1,N=60 . 1.25× 10−3, (4.36)
3.20× 10−4 . ξn= 2
3
,N=60 . 1.29× 10−3. (4.37)
Thus, by using these previous results, we find that, depending on the value of the power
n, the corresponding allowed ranges for λ˜ = λ/M4pl are found to be
1.32× 10−11 . λ˜n=2,N=70 . 1.75× 10−11, (4.38)
3.89× 10−11 . λ˜n= 4
3
,N=70 . 7.79× 10−11, (4.39)
8.60× 10−11 . λ˜n=1,N=60 . 1.67× 10−10, (4.40)
8.78× 10−11 . λ˜n= 2
3
,N=60 . 1.85× 10−10. (4.41)
From the first constraint in Eq. (4.38), we may infer the allowed values for the mass of the
inflaton field, mφ =
√
λ˜Mpl, for quadratic chaotic inflation and N = 70, are given by,
3.64× 10−6 . mφ/Mpl . 4.19× 10−6. (4.42)
For the special case of the chaotic quadratic potential n = 2, we observe that the predicted
value for the mass of the inflaton field becomes of the same order than those obtained for the
same potential in the standard scenario (mφ ∼ 10−6). Nevertheless, the predictions for this
non-minimally coupled scenario regarding the scalar spectral index and the tensor-to-scalar
ratio, through the ns − r plane, deviate from the standard scenario. Specifically, this model
predicts a smaller tensor-to-scalar ratio compared to those obtained in the standard scenario
(ξ = 0), bringing the quadratic chaotic potential compatible with current observations only
at the level of 95% C.L. region. In addition, this consistency requires a number of e-folds
greater than 60. For a sake of comparison with recent works in the literature, in [15] (see also
Ref. [109]) it was studied quadratic inflation where the inflaton is non-minimally coupled to
the curvature scalar R. Interestingly, it was found that in order to rescue quadratic inflation,
the non-minimal coupling ξ must take values around ξR ∼ 10−3 for N = 60 . Accordingly,
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the predicted value for the tensor-to-scalar ratio is 0.01 . r < 0.12. Therefore, recalling that
our particular subclass of model predicts 0.05 . r . 0.07, it follows that it is possible to
distinguish quadratic inflation with the inflaton non-minimally coupled to the curvature scalar
R from quadratic inflation in a scalar-torsion gravity. Although our model is in consistency
with current bounds set by Planck, forthcoming B-mode polarization experiments such as
BICEP3 [110] or LiteBIRD [111], expect to set an upper bound to tensor-to-scalar ratio such
as r . 0.03 and r . 0.001, respectively. In view of this, the new experiments may eventually
rule out chaotic quadratic inflation in a scalar-torsion scenario with a non-minimal coupling
to torsion in near future.
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Figure 4. We show the plot of the tensor-to-scalar ratio r versus the scalar spectral index ns for
theories with P = −X + V,G = 0, F = 1 + ξx2/2 along with the two-dimensional marginalized joint
confidence contours for (ns, r), at the 68% and 95% C.L., from the latest Planck 2018 results [107],
for several values of the power n : 2, 4/3, 1, 2/3. The quadratic inflation scenario (n = 2) is compatible
with current data at least in the 95% C.L., whereas that for n < 2 the predictions of the model are
within the contour at 68% C.L.
5 Theories with P = −X + V,G = γX, F 6= 0
5.1 Slow-roll analysis
In our second particular model, inflation is now mainly driven by a field potential, P =
−X + V , the Galileon self-interaction G = γX, and the non-minimal coupling function
F 6= 0. Then, the background equations (3.4) and (3.6) assume the form
3H2M2plF =
1
2
φ˙2 + V − 3γHφ˙3, (5.1)
φ¨
[
1− 6γHφ˙
]
+ 3Hφ˙
[
1− 3γHφ˙− γ H˙
H
φ˙
]
+3H2M2plF,φ + V,φ = 0, (5.2)
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Under the slow-roll approximation φ˙2  V , |φ¨|  |Hφ˙|, this set of equations leads us to
3H2M2plF ' V, (5.3)
3Hφ˙ [1 +A] + 3H2M2plF,φ + V,φ ' 0, (5.4)
where A ≡ −3γHφ˙ is a new function which takes into account the effect of the Galileon
self-interaction in the dynamics of the inflaton field. From (5.4), A may be regarded as an
extra friction term, slowing-down the evolution of φ relative to those in standard inflation.
Thus, from Eqs. (5.3) and (5.4) we get
3H2 ' V
M2plF
, (5.5)
φ˙
MplH
' −
[
F
1 +A
] [(
MplV,φ
V
)
+
(
MplF,φ
F
)]
. (5.6)
Furthermore, by substituting A = −3γHφ˙ in the latter equation we can solve for φ˙ which
gives us
φ˙(φ) ' 1
6γH
[
1−
√
1 + 4γV
[
V,φ
V
+
F,φ
F
]]
, (5.7)
A(φ) ' 1
2
[
−1 +
√
1 + 4γV
[
V,φ
V
+
F,φ
F
]]
. (5.8)
Here we can see that if γ < 0, V,φ < 0, and F,φ < 0 then φ˙ > 0 and A > 0. On the other
hand, in the case with γ > 0, V,φ > 0, and F,φ > 0, one has that φ˙ < 0 and A > 0. The
transition from Galileon driven inflation to standard inflation occurs at the value of the field
φG, which is calculated from the condition A(φG) = 1 [112]. From Eq. (5.8), the latter
condition is translated into the following relation
1
2
γ
[
V,φ(φG) +
F,φ(φG)V (φG)
F (φG)
]
= 1. (5.9)
Moreover, by using Eq. (3.8) the slow-roll parameter δGX is given by
δGX ≡ −φ˙XG,X
M2plHF
=
A
6F
(
φ˙
MplH
)2
' A
3
δPX . (5.10)
Putting the relations (4.7), (4.8) and (5.10) into the equation (3.9) for the slow-roll parameter
, one is led to the expression
 ' (V − F )
(
F
1 +A
)
, (5.11)
and the end of inflation takes place at φ = φf such that (φf ) = 1. In this case, the expression
to compute the number of e-folds N is found to be
N ≡
∫ tf
t∗
Hdt '
∫ φ∗
φf
1 +A[(
MplV,φ
V
)
+
(
MplF,φ
F
)]
F
dφ
Mpl
. (5.12)
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Figure 5. We depict the behaviour of x = φ/Mpl, F and A for the solution x(1) with ζ < 0.13 (upper
row) and for the other one x(2) with ζ > 0.13 (lower row) in the space of parameters ξ and ζ, for the
power n = 2 and the number of e-folds fixed to N = 70. The gray region is built using the physical
ranges (horizontal black lines) of the parameters ξ and ζ in Table 1 and Table 2, which have been
determined by observational bounds in the ns − r plane (FIG. 7).
The parameter Qs in Eq. (3.24), and the square of propagation speed of the scalar
mode c2s in Eq. (3.25), are written as
Qs 'M2plF (1 + 2A) δPX > 0, (5.13)
c2s '
δPX
(
1 + 43A
)
+ 2δF
δPX (1 + 2A) . (5.14)
Thus, the condition c2s > 0 is translated to δF /δPX > −1/2− 2A/3.
Also, the power spectra of scalar perturbations, Eq. (3.28), is given by
Ps '
[
V
24pi2M4plF
2
]
(δPX (1 + 2A))1/2(
δPX
(
1 + 43A
)
+ 2δF
)3/2 , (5.15)
being that we also have used (5.3). The corresponding expressions for the scalar spectral
index and the tensor-to-scalar ratio may be obtained by replacing Eqs. (5.10), (5.11), and
(5.14), in Eqs. (3.29) and (3.37), respectively (not shown).
Similarly as before, in the following we are going to develop a example by considering a
specific expression for both the non-minimal coupling function F and the inflaton potential
V (φ).
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5.2 Chaotic inflation
We assume a power-law potential (4.16) and the non-minimal coupling function in (4.18).
By using Eq. (5.8), one finds that the Galileon term A(x) becomes
A(x) = 1
2
[
−1 +
√
1 + 4ζxn−1
(
2ξx2
nξx2 + 2n
+ 1
)]
, (5.16)
where for convenience we have introduced the dimensionless parameter ζ ≡ (γ/Mpl)× λ. In
this case, the slow-roll parameters V and F are given by (4.17) and (4.19), respectively.
Moreover, the slow-roll parameter  takes a more complicated form due to the presence of
the Galileon term, yielding
(x) =
n2
(
ξx2 + 2
)2 − 4ξ2x4
4x2(A+ 1) (ξx2 + 2) . (5.17)
Thus, inflation ends when (x) = 1 at x = xf . Since we have in this case a polynomial
equation of degree seven in the variable x, we cannot write below explicit analytical solutions
for xf . However, by solving it numerically, we find two physical solutions for xf : the first
solution denoted by xf = x
(1)
f is defined for ζ < 0.13, whereas that the second one xf = x
(2)
f
exists for ζ > 0.13. The number of e-folds N is calculated from (5.12), obtaining
N ' 2
∫ x∗
xf
x(A+ 1)
(n+ 2)ξx2 + 2n
dx, (5.18)
where A(x) is given by Eq. (5.16). Here we may integrate numerically the above equation to
obtain the solution for x when a given perturbation scale leaves the Hubble-radius, i.e. x∗,
in terms of N and the others parameters. In doing so, we set the initial conditions at the
time Hubble-radius.
In FIG 5 we plot the numerical solution for x∗ (left graphic), along with the functions F
(centre graphic) and A (right graphic), in terms of the parameters ξ and ζ, for the particular
case of the power n = 2 and the number of e-folds fixed to be N = 70. The upper row
corresponds to the solution x = x(1) which is obtained in the case of solution xf = x
(1)
f ,
whereas that the lower row is due to the solution x = x(2), associated with xf = x
(2)
f . The gray
region indicates the physical region and is determined by using the ranges (horizontal black
lines) of the parameters ξ and ζ. These ranges of parameters are found from observational
bounds in the ns−r plane (see FIG. 7) and they are shown in Table 1 and 2. One may observe
that for the solution x(1), a trans-Planckian displacement of the inflaton field through the
potential, with x between x & 13 and x . 18, as usually happens in large-field models. This
solution always works in an intermediate regime of no-nminimal coupling between F − 1 =
ξx2/2  1 and F − 1 = ξx2/2  1, with F taking values within the range 1.1 < F < 1.4.
Furthermore, this solution allows that inflation takes places in a regime where the Galileon
self-interaction becomes sub-dominant in comparison to the standard kinetic term with A 
1 or in an intermediate regime between A  1 and A  1, being that A assumes values in
the range 0 < A < 1.2. In the case of solution x(2), the inflaton field satisfies 0 < x . 15,
and therefore allowing both trans-Planckian and sub-Planckian values for the inflaton field.
So, the no-nminimal coupling to gravity always operates in an intermediate regime between
F − 1 = ξx2/2 1 and F − 1 = ξx2/2 1, with 1.1 < F < 1.6. Additionally, the Galileon
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self-interaction works in an intermediate regime between A  1 and A  1 and a strong
regime with A  1, such that 1.1 . A . 104. Thus, for this solution sub-Planckian values
are reached as long as A  1. From Eq. (5.9), for n = 2, one finds that the transition from
the regime A > 1 to the regime A < 1 occurs for
xG =
2(ξ−3ζ2)
3√G +
2 3
√G
ξ + 2
6ζ
, (5.19)
where
G = 3
√
3
2
ζξ3/2
√
4ζ4 + 71ζ2ξ + 8ξ2 + ξ3 +
45ζ2ξ2
2
. (5.20)
In the case of solution x(1) it is satisfied the condition xf/xG < 1 for the all the range
of values of parameters ξ and ζ, and hence, the end of the regime dominated by Galileon
self-interaction always takes place during slow-roll inflation. On the other hand, for solution
x(2), we find xf/xG < 1 for 0.13 < ζ < 2, and xf/xG > 1 for ζ & 2. So, for 0.13 < ζ < 2
the behaviour is similar to the case of solution x(1), whereas that, for ζ & 2 the dominance
of Galileon self-interaction is extended up to after the end of slow-roll inflation which could
spoils the oscillatory regime of inflaton with a negative propagation speed squared c2 of the
scalar mode, leading to Laplacian instabilities [112].
With Eqs. (4.7),(4.8) and (5.6), we obtain
δF = −
ξ
(
n+ 2ξx
2
2+ξx2
)
1 +A , (5.21)
and
δPX =
[
(n+ 2)ξx2 + 2n
]2
4x2(A+ 1)2 (ξx2 + 2) . (5.22)
Thus, using the above expressions and Eq. (5.10) into Eq. (5.14), it is easy to obtain
the field dependence of scalar propagation speed squared as
c2s =
[
1
1 + 2A
] [
1 +
4A
3
− 8ξx
2(A+ 1)
(n+ 2)ξx2 + 2n
]
. (5.23)
Also, the power spectrum Ps in Eq. (5.15) becomes
Ps = 2
√
3λ˜
√
1 + 2A (1 +A)2 x2+n
npi2 (2 + ξx2)
√
2n+ (2 + n)ξx2
× [6n+ 3(n− 6)ξx2 + 4A (2n+ (n− 4)ξx2)]− 32 . (5.24)
After evaluating (5.24) at the value of the scalar field when a given perturbation scale leaves
the Hubble-radius, which was already found numerically, and by using the current observa-
tional value for the amplitude of primordial scalar perturbations Ps = 2.141×10−9 [107, 108],
we may find a constraint for λ˜ ≡ λ/M4pl in terms of ξ and ζ. Thus, by using the values of λ˜
and ζ we recover the values of γ˜ ≡ γM3pl.
In FIG 6 it is shown the behaviour of c2s (left graphic), λ (centre graphic) and γ (right
graphic), in the ζ − ξ plane for n = 2 and N = 70. As before, the gray region indicates the
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Figure 6. We depict the behaviour of scalar propagation speed squared c2s, parameters λ and γ
consistent with scalar power spectrum Ps = 2.141× 10−9, in the case of solution with ζ < 0.13 (upper
row) and for the other one with ζ > 0.13 (lower row), in the plane of parameters ξ and ζ, for n = 2 and
N = 70. The gray region is built using the physical ranges (horizontal black lines) of the parameters
ξ and ζ in Table 1 and Table 2, which have been determined by observational bounds in the ns − r
plane (FIG. 7).
physical region of the parameters ξ and ζ, as it has been obtained from the observational
bounds in the ns − r plane (FIG 7), whose corresponding ranges are summarized in Tables
1 and 2. For both solutions x(1) (upper row) and x(2) (lower row) one finds that c2s is always
positive and therefore there is no Laplacian instabilities during inflation. For the solution x(1)
the parameters λ and γ are constrained to be 1× 10−11 . λ˜ . 3.0× 10−11 and γ˜ . 8× 109.
In the case of x = x(2) (lower row), one is free of this type of pathology above the straight
line log(1/ξ) = 4.34+0.397 log(1/ζ), and the parameters λ and γ are bounded from below by
λ˜ & 10−11 and γ˜ & 109. Therefore, we must constraint from above the parameters λ and γ
with the help of some additional phenomenological considerations, because these quantities
may reach arbitrarily large values for this solution and still provide results compatible with
the observations.
Substituting Eqs. (5.17), (4.24) and (5.10) into Eq. (3.27), one finds that the slow-roll
parameter s is given by
s ' + δF + δGX ,
=
n2 (4A+ 3)
6x2(A+ 1)2 +
2ξ(8A+ 9)
3(A+ 1)2 (ξx2 + 2) +
(n+ 2)ξ [4 (n− 4)A+ 3 (n− 6)]
12(A+ 1)2 . (5.25)
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Hence, it is straightforward see that
ηs =
[
1
x2(A+ 1)2 (ξx2 + 2)
][
2ξ2x4(A+ 1) (4 (n2 + 8)A+ 3 (n2 + 12))
ξx2(4(n− 4)A+ 3(n− 6)) + 2n(4A+ 3)
+
8n2(A+ 1) (ξx2 + 1) (4A+ 3)
ξx2(4(n− 4)A+ 3(n− 6)) + 2n(4A+ 3)
+
B
ξx2(4(n− 4)A+ 3(n− 6)) + 2n(4A+ 3)
]
, (5.26)
where we have defined
B =
[
ζxn−1
n (ξx2 + 2) (1 + 2A)
] [
ξx2(2(n− 4)A+ n− 10) + 2n(2A+ 1)
]
× [(n+ 2)ξx2 + 2n] [ (n2 + n− 2) ξ2x4 + 4 (n2 + 1) ξx2 + 4(n− 1)n]. (5.27)
On the other hand, from Eqs. (5.23) and (3.30), we find
s =
24nξ + C
2nx2(A+1)(2A+1)2(ξx2+2)
ξx2(4(n− 4)A+ 3(n− 6)) + 2n(4A+ 3) , (5.28)
where
C = n(2A+ 1)
(
(n− 10)ξx2 + 2n)B
ξx2(2(n− 4)A+ n− 10) + 2n(2A+ 1) . (5.29)
These results lead us to write down the spectral index of R (3.29) as
ns = 1 +
ξ
(
(n+ 2)ξx2 + 2n
)
(A+ 1) (ξx2 + 2) −
n2
(
ξx2 + 2
)2 − 4ξ2x4
2x2(A+ 1) (ξx2 + 2)
−
24nξ + C
2nx2(A+1)(2A+1)2(ξx2+2)
ξx2(4(n− 4)A+ 3(n− 6)) + 2n(4A+ 3)
− D
ξx2(4(n− 4)A+ 3(n− 6)) + 2n(4A+ 3) , (5.30)
where
D = 8n
2
(
ξx2 + 1
)
(4A+ 3)
x2(A+ 1) (ξx2 + 2) +
2ξ2x2
[
4
(
n2 + 8
)A+ 3 (n2 + 12)]
(A+ 1) (ξx2 + 2)
+
C
[
ξ(2(n−4)A+n−10)
n(2A+1) +
2
x2
]
(A+ 1)2 (ξx2 + 2) ((n− 10)ξx2 + 2n) . (5.31)
Finally, from Eqs. (3.36), (5.23) and (5.25), we obtain for the tensor-to-scalar ratio r
the following expression
r =
4(2A+ 1) ((n+ 2)ξx2 + 2n)2
3
√
3x2(A+ 1)2 (ξx2 + 2)
×
[
ξx2(4(n− 4)A+ 3(n− 6)) + 2n(4A+ 3)
(2A+ 1) ((n+ 2)ξx2 + 2n)
]3/2
. (5.32)
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In a similar fashion as before, after evaluating these inflationary observables at the value
of the scalar field when a given perturbation scale leaves the Hubble-radius, we are able to
compare the theoretical predictions of this second subclass of model in the ns− r plane with
the allowed contour regions from Planck 2018 data. Then, we find the allowed ranges of the
parameters characterizing this subclass of model.
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Figure 7. We show the plot of the tensor-to-scalar ratio r versus the scalar spectral index ns in
the presence of both, non-minimal coupling to torsion and Galileon interaction term, for quadratic
inflation n = 2 and N = 60 − 70. In the upper graph it is shown the solution x(1) whose predictions
are superimposed with the 95% C.L region of Planck 2018 data [107] and for the which it is obtained
the constrained 7.2× 10−4 < ξ < 3.17× 10−3 for N = 70. In the lower graph we shown the solution
x(2) which is in good agreement with Planck data at the 68% and 95% C.L. regions. In this case we
find the lower bound ξ > 0.003 for N = 60 and ξ > 0.0014 for N = 70.
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In FIG 7 we show the trajectories in the ns − r plane for our second model, which are
generated by plotting Eqs. (5.30) and (5.32) (after being evaluated at x∗) parametrically,
varying both the number of e-folds N and the parameter ζ in a wide range, for several fixed
values of ξ and for the power n fixed to n = 2. In addition, we have considered the two-
dimensional marginalized joint confidence contours for (ns, r), at the 68% and 95% C.L.,
from the latest Planck data [107, 108]. In the upper graph it is shown the solution x(1) for
which it is found that the predictions of the model are within the 95% C.L. region from
Planck 2018 data [107] provided that the non-minimal coupling parameter ξ takes values
within the allowed range 7.20 × 10−4 . ξ . 3.17 × 10−3, for N = 70. On the other hand, ζ
takes values in some specific range which depends on the value of ξ. For these values of ζ we
obtain λ˜ ∼ 10−11, mφ/Mpl ∼ 10−6, and γ˜ . 109, as it is shown in Table 1. Therefore, the
predicted range for the tensor-to-scalar ratio r, for N = 70, is found to be 0.028 . r . 0.069.
Hence, this suppression on the tensor-to-tensor to scalar ratio, due the presence of both the
non-minimal coupling and the Galileon self-interaction, allows to bring chaotic quadratic to
be compatible with current observations, when the first solution x(1) is considered. Now,
by considering the expected upper values on r for the forthcoming B-mode polarization
experiments, BICEP3 [110] or LiteBIRD [111], we might confirm chaotic inflation in scalar-
torsion gravity with both non-minimal coupling and a Galileon self-interaction term or we
might rule it out.
Now, in the lower graph we show the predictions in the ns − r plane for the second
solution x(2), which also provides results in consistency with current observational bounds in
a wide range of parameter values. In particular, for N = 60, a lower limit for ξ is found to
be ξ & 0.003 for N = 60, while for N = 70, its lower limit yields ξ & 1.4 × 10−3. However,
the observational data, through the ns − r plane, does not impose any upper bound on ξ.
For values of ξ such that ξ > 0.003, one may always find a range for parameter ζ which is
superimposed over the 68% and 95% C.L. regions, and then leading us to arbitrarily large
values of parameters λ and γ. In Table 2 we show some physical ranges for the parameters
of the model consistent with observations, in the cases where the number of e-folds is fixed
to be N = 60 and N = 70.
Let us discuss about of this latter behaviour of solution x(2). Regarding slow-roll infla-
tion as a low-energy effective theory, the maximal cut-off Λ is fixed by Planck scale, that is to
say Λ .Mpl. Now, in order for this effective theory to remain valid during the Hubble-radius
crossing, the minimal cut-off is determined by the inflationary Hubble scale, Λ & H, with
the masses of the fields satisfying m . H [113]. Thus, for Λ ' γ−1/3, and H/Mpl ∼ 10−5,
it is easy to obtain the condition γ˜ . 1015, and so also, mφ/Mpl . 10−5, or equivalently,
λ˜ . 10−10. From results shown in Table 2, one may see that the constraint imposed on mφ
is stronger than the imposed on γ, when determining the upper limit for the non-minimal
coupling parameter. In this way, by using the constraint on the mass scale, this allow us
to fix the upper bound for ξ to be ξ . 1, with the best predictions for r in the ranges
0.038 . r . 0.070 for N = 60, and 0.022 . r . 0.063 for N = 70. Furthermore, whether
we have in account that the condition ζ . 2 is required in order to avoid that the regime
of dominance of Galileon self-interaction goes until after the end of slow-roll inflation, and
hence spoiling reheating after inflation [112], the non-minimal coupling parameter ξ is more
severely constrained from above to be ξ . 0.008 for N = 60 and ξ . 0.009 for N = 70.
Thus, one finds that 10−11 . λ˜ . 10−10 and 109 . γ˜ . 1010, with r ∼ 0.042 for N = 60
and r ∼ 0.024 for N = 70. Finally, when solution x(2) is taken into account, and depending
– 26 –
on the predictions for the tensor-to-scalar ratio for N = 60 or N = 70, chaotic inflation in
this particular scenario may supported or disproved by near future experiments. In this way,
these future experiments allow to test the major single-field slow-roll inflation models.
6 Concluding Remarks
In the context of teleparallel gravity, we investigated a generalized scalar-torsion theory and
its implications for inflationary cosmology. In this theory we consider a canonical scalar field
x ≡ φ/Mpl non-minimally coupled to scalar torsion T , along with a Galileon-type field self-
interaction as motivated from Dvali-Gabadadze-Porrati braneworld (DPG) model [38] and
Horndeski theory [48]. We studied a flat Friedmann-Robertson-Walker (FRW) background
for which we have calculated the modified field equations, and then we computed the sec-
ond order action of scalar and tensor perturbations to compute the power spectra of these
primordial fluctuations.
The Lorentz invariance is considered as one of the most fundamental symmetries in
physics, on which rests the principles of Einstein’s general relativity and the standard model
of particle physics [114]. Nevertheless, at a sufficiently high-energy scale (Planck scale),
it is expected that these two field theories converge into a single unified and quantum-
consistent description of nature, under a possible breaking of Lorentz symmetry [115–118].
When speaking about breaking of Lorentz symmetry it is important to distinguish between
particle Lorentz transformations and observer Lorentz transformations. The first class of
transformations correspond to rotations or boosts of particles or localized field distributions
in a given local Lorentz frame, whereas that, the second one are rotations or boosts changing
the local Lorentz frame [92, 93]. Thus, although a theory may present local particle Lorentz
violation, either spontaneously or explicitly due to the presence of background fields, in
order to have a physically meaningful theory, it must maintain the local observer Lorentz
covariance [94, 96]. Furthermore, in the case of a gravity theory with explicit Local Lorentz
violation, it is well known that when guaranteeing independence with the observer, it may
be necessary to restrict the geometry, which also imposes severe restrictions on the dynamics
of solutions, and therefore, leading us to undesirable results [92–94, 96]. In the framework of
modified teleparallel gravity, the scalar-torsion theories provide an excellent opportunity for
studying the impact of local Lorentz violation on the dynamics of inflation in the very early
universe. TG is invariant under local Lorentz transformations and diffeomorphisms [61, 64].
However, once that we introduce a non-minimal coupling term between the scalar field and
torsion, in the form F (φ)T , the coupling function F (φ) can be identified as a background
field which introduces an explicit local Lorentz violation into the theory. But, here let us to
note that in the FRW background the homogeneity allows us to restore the observer local
Lorentz invariance, without having to restrict the geometry. More interestingly, as we have
highlighted in section 4, in the FRW background, the non-minimally coupled scalar-torsion
theory (without Galileon) becomes equivalent to the scalar-vector-tensor theory in Ref. [100],
where the particle local Lorentz symmetry is spontaneously broken due to a time-like vector
field. Thus, we also have shown in section 3, the particle Lorentz violating stage with
large contribution to inflation occurs at scales well deep inside the horizon, being that the
modifications to the inflationary observables at the horizon crossing would be product of the
reminiscent effect of this (particle) Lorentz violation stage [101]. On the other hand, as it also
has been shown in section 3, at the level of first order cosmological perturbations for small
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deviations from homogeneity, the violation of observer local Lorentz invariance is no longer
hidden by the symmetries of the background, but, it may be restored by the dynamics of the
background and the scalar perturbations, in the limit of subhorizon and superhorizon scales.
Therefore, this allows us to perform the standard quantization procedure on the second order
action for scalar perturbations, for obtaining the scalar power spectrum [50, 87]. For tensor
perturbations the theory is observer local Lorentz invariant and there is no contribution from
additional degrees of freedom (see also section 3).
In order to obtain concrete results we have firstly studied only the effects of the non-
minimal coupling on the dynamics of inflation. We assumed the chaotic potential V (x) =
λxn/n with a non-minimal coupling term which has the form F (x)T with F (x) = 1+ξx2/2. In
the slow-roll approximation and by using the latest Planck data [107], we have constrained the
coupling parameter ξ to be 10−4 . ξ . 10−3 with 10−11 . λ/M4pl . 10−10 for 2/3 ≤ n ≤ 2.
For the particular case of chaotic quadratic inflation n = 2 we found that the prediction
for the tensor-to-scalar ratio is 0.05 . r . 0.07, for 7.1 × 10−4 . ξ . 1.1 × 10−3, with
e-folds number N = 70, which puts it only within the 95% C.L. contour. In Ref. [15]
it has been studied quadratic inflation with non-minimal curvature-matter coupling, where
the constraint on the tensor-to-scalar ratio was found to be 0.01 . r < 0.12, with the
corresponding non-minimal coupling parameter satisfying 1 × 10−3 . ξR . 5 × 10−3, and
N = 60. Thus, by comparing with our results one may see that in the case of non-minimal
coupling to torsion it is required a weaker non-minimal coupling to gravity in order to satisfy
the current observational constraints, but in contrast it is necessary a greater amount of
inflation than in the case with non-minimal coupling to curvature. However, in both cases,
either non-minimal coupling to curvature or torsion, it is possible to rescue the quadratic
inflation model by putting it again within the confidence limits of current observational data
sets. However, forthcoming CMB experiments like BICEP3 and LiteBIRD which expect
to put stronger constraints on the tensor-to-scalar ratio, may eventually rule out chaotic
quadratic inflation in this particular class of model. For completeness, in the case of other
monomial models with n = 4/3, n = 1, and n = 2/3, we found that under a non-minimal
coupling to torsion, these models are also in good agreement with observations, with their
predictions superimposed over the 68% and 95% C.L. regions of the 2018 Planck data.
As it has been extensively studied, there are several mechanism which account in lower-
ing the predictions for the tensor-to-scalar ratio r in a potentially driven single-field scenario.
Besides the possibility of a non-minimal coupling to gravity, as we did it previously, one could
also include a non-canonical kinetic term to the scalar field action as in k-inflation [119], and
so, getting a subluminal inflaton speed of sound [120], or either incorporating a damping
term due to dissipation, as in warm inflation [121, 122], or by considering a non-linear field-
interaction in the form of the Galileon term (∂φ)2φ, which generally works to slow down
the evolution of the field and therefore allowing a reduction in the value of r [112]. Thus, in
the second part of this paper, we have followed this latter interesting direction.
Unlike the case with only non-minimal coupling to torsion, whose background equations
were integrated analytically under the slow-roll approximation, in the presence of both non-
minimal coupling and Galileon self-interaction, it is not possible to obtain analytical solutions
for the background equations, instead we integrate these numerically. In the case of a power-
law potential V (x) = λxn/n with n = 2 and the non-minimal coupling function F (x) =
1+ξx2/2, we find two branches of solutions for x(1) and x(2) (FIG 5). At first, for solution x(1),
which is defined for ζ ≡ (γ/Mpl)× λ < 0.13, with γ being the Galileon coupling parameter,
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we found that the predictions of the model at level of ns − r plane are within the 95% C.L.
contour. Accordingly, for N = 70, we have found the constraints 7.2×10−4 . ξ . 3.2×10−3,
λ/M4pl ∼ 10−11 (mφ/Mpl ∼ 10−6), and 1 . γ/M−3pl . 109. Therefore, at N = 70, the tensor-
to-scalar ratio takes values in the range 0.028 . r . 0.069, which are seen to be reduced
as compared to those obtained when it is only considered a non-minimal coupling term. In
addition, the required number of e-folds is not reduced and the parameters ξ and λ are kept
in the same order of magnitude as before.
Secondly, when the solution x(2) is studied, which is defined for ζ > 0.13, we found
that the predictions in the ns − r plane are consistent with current observational bounds by
Planck 2018 data. This allows us to obtain a lower bound for ξ in the form ξ & 3.0 × 10−3
for N = 60, and ξ & 1.4 × 10−3 for N = 70. In view of this, it is not possible to obtain an
upper bound for ξ and ζ by means the ns− r plane, which could leads us to arbitrarily large
values of parameters λ and γ. In order to overcome this problem, one may, for instance,
resort to the framework of effective field theories. By considering slow-roll inflation as a
low-energy effective theory, one has that the UV cut-off is given by the Planck scale, that
is to say, Λ . Mpl, while the minimal cut-off is fixed by the inflationary Hubble scale,
Λ & H, with the masses of the light fields satisfying the requirement m . H [113]. From our
numerical results we found that H/Mpl ∼ 10−5, and for Λ ' γ−1/3, it is straight to obtain
the condition γ/M−3pl . 1015, and so also, mφ/Mpl . 10−5, or equivalently, λ/M4pl . 10−10.
In Table 2, it can be seen that the constraint imposed on mφ is stronger than those imposed
on the Galileon coupling γ, when determining the upper limit for the non-minimal coupling
parameter ξ. Therefore, the constraint found on mφ allows us to set the upper bound on ξ
to be ξ . 1, with the better predictions for r in the ranges 0.038 . r . 0.070 for N = 60,
and 0.022 . r . 0.063 for N = 70.
Furthermore, an even tighter constraint from above may be imposed to the non-minimal
coupling parameter whether we assume that the dominance of Galileon self-interaction over
the standard kinetic cannot be extended beyond the end of slow-roll inflation. The reason
for this is because the oscillatory regime of inflaton could be break down, and then spoiling
the reheating period after inflation [112]. For solution x(2) we found that the transition
from the regime A > 1 to the regime A < 1 occurs before the end of inflation providing
that ζ . 2. Hence, the non-minimal coupling parameter is strongly constrained from above
to be ξ . 0.008 for N = 60, and ξ . 0.009 for N = 70. Thus, we obtain the bounds
10−11 . λ/Mpl . 10−10 and 109 . γ/M−3pl . 1010, being that for r it is found r ∼ 0.042
for N = 60 and r ∼ 0.024 for N = 70, which is consistent with our previous constraints
obtained from the framework of effective field theories. Then, chaotic quadratic inflation in
our scalar-torsion gravity scenario can be reconciled with current Planck data even within
the 68% C.L. contour region. In despite of this, next generation CMB experiments such as
BICEP3 or LiteBIRD are expected to put stronger constraints, making possible to either
support this model or rule it out in near future.
As a final remark, it is important to note that a more detailed studied of the post-
inflationary phase should be performed, in order to obtain a better picture of the dynamics
of reheating in these models with non-minimal coupling to torsion. We hope to be able to
address this point in a future work.
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A Appendix: Tensor pertubations
A more general case of scalar-torsion gravity is
S =
∫
d4xe
[
M2pl
2
F (φ,X)T + P (φ,X)−G(φ,X)φ
]
, (A.1)
but this action, like scalar-curvature gravity, is consistent with GW170817 and GRB170817A
only for a particular case. We can probe this through the analysis of the tensor pertubations,
ST =
∑
λ
∫
dtd3xa3QT
[
h˙2λ −
c2T
a2
(∂hλ)
2
]
, (A.2)
where two polarization states are given by λ = +,×. The quantity QT is defined by
QT =
M2pl
8
(F + 2XFX) , (A.3)
and the squared tensor propagation speed is
c2T =
F
F + 2XFX
, (A.4)
where we can see that c2T is equivalent to 1 only for the particular case F = F (φ). Therefore,
we must restrict to the action given by (3.1).
ξ ζ 1011λ/M4pl 10
6mφ/Mpl 10
−10M3plγ
0.0010 (1× 10−10, 0.05) (1.42, 2.35) (3.76, 4.85) (7.06× 10−10, 0.213)
0.0015 (0.0125, 0.13) (1.26, 2.73) (3.56, 5.22) (0.0989, 0.477)
0.0020 (0.035, 0.13) (1.28, 2.36) (3.58, 4.86) (0.273, 0.551)
0.0025 (0.069, 0.13) (1.37, 1.99) (3.71, 4.46) (0.502, 0.654)
Table 1. Summary on the parameters ζ, λ, and γ, for some values of the parameter ξ, in the case of
solution x(1), for n = 2 and N = 70.
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ξ ζ 1011λ/M4pl 10
6mφ/Mpl 10
−10M3plγ N
0.002 (0.14, 0.45) (2.44, 4.04) (4.94, 6.35) (0.57, 1.11) 70
0.004 (0.36, 1.45) (3.53, 7.49) (5.94, 8.65) (1.02, 1.94) 60
(0.24, 2.9) (1.70, 7.59) (4.13, 8.71) (1.41, 3.82) 70
0.006 (0.95, 4.2) (4.61, 10.96) (6.79, 10.47) (2.06, 3.83) 60
(0.68, 8) (2.27, 10.99) (4.77, 10.48) (2.99, 7.28) 70
0.008 (1.95, 9) (5.85, 14.59) (7.65, 12.08) (3.33, 6.17) 60
(1.42, 16) (2.89, 14.22) (5.38, 11.93) (4.91, 11.25) 70
0.01 (3.3, 15) (6.95, 17.56) (8.34, 13.25) (4.75, 8.54) 60
(2.5, 30) (3.52, 18.24) (5.94, 13.50) (7.10, 16.45) 70
0.03 (51, 250) (19.36, 52.75) (13.91, 22.97) (26.34, 47.39) 60
(39, 450) (9.78, 52.31) (9.89, 22.87) (39.86, 86.03) 70
0.05 (180, 900) (31.48, 87.54) (17.74, 29.59) (57.17, 102.82) 60
(140, 1650) (16.11, 87.75) (12.69, 29.62) (86.90, 288.04) 70
0.1 (1000, 5000) (61.53, 172.56) (24.80, 41.54) (1.63× 102, 2.90× 102) 60
(790, 9500) (31.84, 176.45) (17.84, 42.01) (2.48× 102, 5.38× 102) 70
1 (3.2× 105, 1.6× 106) (6.17× 102, 1.73× 103) (78.52, 131.50) (5.19× 103, 9.25× 103) 60
(2.5× 105, 2.9× 106) (3.16× 102, 1.73× 103) (56.22, 131.42) (7.91× 103, 1.68× 104) 70
10 (1.02× 108, 5.3× 108) (6.20× 103, 1.77× 104) (249.01, 420.97) (1.65× 105, 2.99× 105) 60
(7.85× 107, 9× 108) (3.13× 103, 1.71× 104) (177.03, 413.49) (2.50× 105, 5.26× 105) 70
Table 2. Summary of the bounds on the parameters of the model ζ, λ, and γ, for some values of the
parameter ξ, for the solution x(2), in the case of n = 2, being that for the e-folds number we have
considered the values, N = 60 and N = 70.
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